Bimolecular fluorescence complementation (BiFC) approach was used to study the molecular interactions between different components of the postsynaptic protein complex at the neuromuscular junction of living mice. Here, we showed that rapsyn forms complex with both α-dystrobrevin and α-syntrophin at the crests of junctional folds. The linkage of rapsyn to α-syntrophin and/or α-dystrobrevin is mediated by utrophin, a protein localized at AChR-rich domain. In mice deficient in α-syntrophin, in which utrophin is no longer present at the synapse, rapsyn interaction with α-dystrobrevin was completely abolished. This interaction was completely restored when either utrophin or α-syntrophin was introduced into muscles deficient in α-syntrophin.
INTRODUCTION
In the nervous system, the stability of the postsynaptic scaffold protein complex at both central and peripheral synapses is crucial for the effectiveness of synaptic transmission. At the neuromuscular junction, synapse between the motor neuron and muscle fiber, the dystrophin glycoprotein complex (α-syntrophin, α-dystrobrevin, dystrophin, utrophin, and dystroglycans), which connects the extracellular basal lamina to intracellular cytoskeleton plays an important role in preserving the structural integrity of the synapse and the skeletal muscle fiber (Adams et al., 2000; Blake et al., 2002; Cohn and Campbell, 2000; Deconinck et al., 1997a; Enigk and Maimone, 2001; Ervasti, 2007; Ervasti and Campbell, 1993; Straub and Campbell, 1997; . Mutations in genes encoding one or more of DGC components cause muscular dystrophy in both humans and animal models and impair the structural integrity of the synapse (Durbeej and Campbell, 2002) .
Rapsyn, a 43 kDa scaffold protein that is specifically localized to NMJ, is also required for the clustering of AChRs at contacts between the nerve and muscles and for the stability of other postsynaptic proteins at the synapse. In mice deficient in rapsyn, postsynaptic apparatus fails to form and mice die immediately after birth (Gautam et al., 1995) . In Human, mutations in rapsyn gene cause the disassembly of the postsynaptic apparatus, which leads to neuromuscular diseases (Lochmuller et al., 2006; Muller et al., 2006) . Likewise, in mice deficient in α-syntrophin or α-dystrobrevin NMJs are structurally aberrant and exhibit a low level of AChRs. At the NMJ, the molecular interaction between different components of synaptic apparatus has been extensively studied at biochemical levels (Murphy and Ohlendieck, 2016; Schmidt et al., 2011; Yoon et al., 2012) . It has been shown that both α-syntrophin and α-dystrobrevin form complexes with utrophin (Yoon et al., 2012) , which is confined only in the crests of the post-junctional folds colocalizing with the AChRs (Kramarcy and Sealock, 2000) and with dystrophin, which is concentrated only in the depths of the post-junctional folds (Bewick et al., 1996) . However, the molecular interactions within and between DGC proteins and other scaffold proteins in their native environment in vivo remain largely unknown. In this work we sought to address the dynamics of the molecular interaction between α-syntrophin, α-dystrobrevin and rapsyn, and whether these synaptic proteins are trafficked and inserted into the postsynaptic apparatus as individual proteins or as a pre-assembled complex.
In normal innervated muscle fibers, the AChRs are highly concentrated at the crests of the junctional folds where they are held in clusters to assure a high safety factor for synaptic transmission. This stability of AChRs is established by an equilibrium between rates of removal and insertion of AChRs (Bruneau et al., 2005; Bruneau and Akaaboune, 2006; Martinez-Pena y Valenzuela et al., 2011) . At functioning NMJ, receptor lifetime in the junctional membrane is quite long, however, the lifetime of DGC proteins at NMJs remains unknown.
Using bimolecular fluorescence complementation (BiFC) assays, and fluorescence recovery after photobleaching (FRAP), we showed that DGC components are distributed in a spatially-orderly fashion and that α-syntrophin and rapsyn are highly dynamic in a stable postsynaptic apparatus structure of the synapse.
RESULTS:
Spatial distribution of rapsyn, AChRs, and DGC components at the NMJ of a living mouse
To visualize the molecular interaction between components of the dystrophin glycoprotein complex, particularly α-syntrophin, and α-dystrobrevin within the complex and with rapsyn in their native environment at the NMJ, we used bimolecular fluorescence complementation (BiFC) assay (Hu and Kerppola, 2003) . A series of BiFC constructs were generated containing α-syntrophin, α-dystrobrevin, and rapsyn fused to either N-terminal (VN173) or C-terminal (VC155) fragments of Venus fluorescent protein (see materials and methods section, Fig 1A) . For each DGC component, a pair of constructs containing the N-(VN) and C-(VC) terminal fragments of Venus protein were then electroporated into the sternomastoid muscle of a wild type animal to test for self-interaction as a positive BiFC signal (Ramarao et al., 2001 ). 7 days after electroporation, the sternomastoid muscle was exposed and postsynaptic nicotinic acetylcholine receptors (AChRs, marker of the synapse) were labeled with α-BTX-Alexa594 (red), muscles were then fixed with paraformaldehyde (PFA), and synapses expressing BiFC signals were imaged with the confocal microscope. For instance, rapsyn-VN and rapsyn-VC exhibit a strong BiFC signal, which is restricted to the crest of junctional folds where it precisely colocalizes with AChRs consistent with the localization of rapsyn as the BiFC signal shows the same pattern of rapsyn-GFP signal (Fig. 1B, C) . However, when constructs containing either the N-(VN) or C-(VC) terminal fragments of Venus protein alone were electroporated into the sternomastoid muscle no fluorescence was observed at the synapses. α-syntrophin-VN and α-syntrophin-VC BiFC signal is present on both AChR-rich crests and in the bottoms of the postsynaptic folds (shown by the non-overlapping green with red), consistent with the localization of α-syntrophin as shown by α-syntrophin-GFP signal (Fig. 1D, E) . These results indicate that these BiFC constructs, behave like their respective GFP fusions, and are expressed at their proper locations.
Next we examined whether rapsyn, a protein that has a direct binding site for AChRs, interacts with either or both of α-syntrophin and α-dystrobrevin. To do this, rapsyn-VN and α-syntrophin-VC or rapsyn-VN and α-dystrobrevin-VC fusion constructs were coelectroporated into sternomastoid muscle. 7 days later, muscles were bathed with BTX-Alexa594, fixed with PFA and NMJs expressing BiFC signals were imaged with the confocal microscope. A strong BiFC signal was observed specifically at AChR-rich domains (crests of the junctional folds only) between rapsyn and α-syntrophin ( Fig.   2A ) or between rapsyn and α-dystrobrevin (Fig. 2B) but not in the bottom of the folds as no green signal was observed outside AChR boundaries. This result indicates that rapsyn specifically interacts with both α-syntrophin and α-dystrobrevin at the crests of the junctional folds. Similar specific BiFC signal was observed between musclespecific CaMKIIβm-VN isoform (Martinez-Pena y Valenzuela et al., 2010) and rapsyn-VC complementation at the crests of the junctional folds (Fig. 2D) . These results indicate the specificity of BiFC signals of electroporated constructs.
Next we examined the spatial distribution of α-dystrobrevin and α-syntrophin in the postsynaptic apparatus. α-Dystrobrevin-VN and α-syntrophin-VC fusion constructs were co-electroporated into the sternomastoid muscle and the BiFC signal at the NMJ was imaged. As shown in Figure 2C , a strong BiFC signal was observed in both the troughs and the crests of the folds (as green signal was observed outside AChR boundaries), indicating a broad distribution of α-dystrobrevin/α-syntrophin complex, as opposed to a specific concentration of these proteins at the crest of the folds when complexed with rapsyn.
Having found that the fluorescence complementation between rapsyn and α−syntrophin or α−dystrobrevin at the crest of the folds, we wanted to know whether the association of these components with rapsyn site was direct or via a third protein.
If α-syntrophin and α-dystrobrevin interact with rapsyn at the same site, one should expect to see a decrease of α-dystrobrevin-rapsyn BIFC signal when a competing high concentration of α-syntrophin-VN construct is electroporated and vice-versa. To examine this, we performed an in vivo competition assay using a multicolor BiFC approach. The sternomastoid muscle was co-electroporated with a fixed amount of rapsyn-CC (5 µg), and either equal amounts of α-syntrophin-VN (5 µg) and α-dystrobrevin-CrN (5 µg) (S5-R5-D5) or α-syntrophin-VN (5 µg) and α-dystrobrevin-CrN (10 µg) (S5-R5-D10), or α-syntrophin-VN (10 µg) and α-dystrobrevin-CrN (5 µg) (S10-
R5-D5). Complementation between α-Syn-VN and rapsyn-CC would generate a green
BiFC signal, while α-dystrobrevin-CrN and rapsyn-CC would generate a cyan BiFC signal. As shown in Figure 3A and B we found that BiFC signals were not affected by changing concentrations of electroporated constructs (α-syn-VN and α-dystrobrevinCrN). ANOVA test, P=0.89. Quantification of green and cyan intensities ratio at synapses expressing BiFC signals at different concentrations shows that the ratio remains roughly the same (Fig. 3B ). These results strongly suggest that α-syntrophin and α-dystrobrevin interact with rapsyn either at different sites or via a third protein (see below).
Utrophin is required for the formation of rapsyn and α-dystrobrevin complex at the synapse.
Given the fact that α-dystrobrevin forms complex with α-syntrophin and rapsyn forms complexes with α-syntrophin and α-dystrobrevin, we wanted to know whether the BiFC complementation of rapsyn with these two DGC components requires the presence of either these components or others in their native environment. To address this, we used α-syntrophin and α-dystrobrevin-knockout mice. When α syntrophin-VN and rapsyn-VC constructs were electroporated into sternomastoid muscles of mice deficient in α-dystrobrevin, a strong BiFC signal was generated at the synapse, similar to the one observed at synapses of wild type mice, indicating that α-dystrobrevin is not required for the interaction between rapsyn and α-syntrophin (Fig. 4A) . In contrast, when α-dystrobrevin-VN and rapsyn-VC constructs were electroporated into sternomastoid muscle of mice deficient in α-syntrophin, BiFC signals were no more visible at synapses (Fig. 4B ). The fluorescence complementation of rapsyn with α-dystrobrevin was completely restored at NMJs deficient in α-syntrophin when sternomastoid muscles of these mutant mice were co-electroporated with α-dystrobrevin-CrN, rapsyn-CC, and wild type α-syntrophin-GFP (Fig. 4C ). This result led us to investigate whether there is an intermediate protein that is controlled by α-syntrophin and is required for the BiFC complementation between rapsyn and α-dystrobrevin, and/or between rapsyn and α-syntrophin. Previous studies have shown that in the adult synapses, both α-syntrophin and α-dystrobrevin bind to utrophin, a major component of dystrophin glycoprotein complex that is highly concentrated at the crest of AChR-rich postsynaptic membrane (Bewick et al., 1996) and to dystrophin in the troughs of the junctional folds with roughly equal levels. In mice lacking α-syntrophin, utrophin is completely lost from the postsynaptic membrane, while it remains concentrated at crests of AChR-rich folds in mice deficient in α-dystrobrevin (Grady et al., 2000) . These observations prompted us to examine whether the presence of utrophin at crests of synaptic folds is the protein that links rapsyn to α-dystrobrevin. To do this, the sternomastoid muscle of mice deficient in α-syntrophin was electroporated with α-dystrobrevin-CrN, rapsyn-CC and utrophin constructs, and 7 days later muscles were fixed with PFA, and immunostained with antibody against anti-utrophin and BiFC signal between α-dystrobrevin and rapsyn was evaluated at electroporated synapses. Figure 5A shows strong BiFC signals only at synapses where utrophin is expressed, but not in neighboring synapses that do not express utrophin (Fig. 5B) . However, when dystrophin (instead of utrophin construct) was electroporated into sternomastoid muscle deficient in α-syntrophin, no BiFC signal between rapsyn-VC and α-dystrobrevin-VN was observed (data not shown). Together these results indicate that utrophin is required for establishing the molecular interaction between α-dystrobrevin and rapsyn.
Finally, we asked whether components of the DGC are inserted into the postsynaptic sites as a pre-assembled complexes or as individual proteins, notably α-syntrophin and α-dystrobrevin and rapsyn. As above, the sternomastoid muscle was electroporated with a combination of BiFC of DGC and rapsyn constructs and 7 days later the sternomastoid muscle was removed, fixed and imaged. If α-syntrophin or α-dystrobrevin is inserted as a complex with rapsyn, one should expect the presence of BiFC signals both on AChR-rich crests and in the bottoms of the postsynaptic folds (since α-syntrophin and α-dystrobrevin are localized at both crests and bottoms of the NMJ). However, Figure 6 shows that when rapsyn and either α-dystrobrevin or α-syntrophin are co-electroporated BIFC signals were restricted to the crests of the folds, indicating that these proteins are targeted to synaptic sites as individuals, rather as pre-assembled complexes.
The dynamics of α-syntrophin, rapsyn at wild type and NMJs deficient in α-dystrobrevin
The molecular dynamics of DGC components at NMJs of living mice are not known.
Here we wanted to determine the half-time of α-syntrophin and compared it to rapsyn and AChR at functioning NMJs. The sternomastoid muscle of adult wild type mice was electroporated with either α-syntrophin-GFP, or rapsyn-GFP. Two weeks after electroporation, synapses expressing fluorescent signals were imaged and discrete areas of synapses were carefully photo-bleached with an Argon laser. The recovery of fluorescence at bleached areas was measured and normalized to unbleached areas of the same synapses as described in our previous work (Bruneau and Akaaboune, 2010) . In mice electroporated with α-syntrophin-GFP, we found that the recovery of fluorescence at bleached regions after 24 hours was 49.8 %±6 SD of original fluorescence (after normalization) (which corresponds to a half-life of 1.02 days ±0.21 SD, N=21 NMJs, 5 mice). Similar to α-syntrophin, the recovery of fluorescence of rapsyn-GFP at bleached areas after 24 hours was 47 ± 9% SD of original fluorescence (half-life of 1.16 days ±0.36, n=14 NMJs, 3 mice) (p=0.37) (Fig.7A, B) . We also found that the turnover rate of AChR was very slow (half-life of about 9 to 12 days), regardless of expression levels of α-syntrophin-GFP or rapsyn-GFP (low or high) at the synapse. This indicates that the dynamics of AChR is not affected by exogenous expression of rapsyn or α-syntrophin (data not shown), consistent with previous studies (Bruneau and Akaaboune, 2010).
In our previous studies, we showed that the half-life of AChR was significantly reduced in synapses deficient in α-dystrobrevin (Akaaboune et al., 2002) . Here we asked whether the half-lives of α-syntrophin and rapsyn are altered by the loss of the DGC member α-dystrobrevin from the postsynaptic apparatus. The sternomastoid muscle of mice deficient in α-dystrobrevin was electroporated with either α-syntrophin-GFP or rapsyn-GFP and 24 hours after photobleaching the recovery of GFP fluorescence into bleached synaptic areas measured (the recovery of fluorescence for rapsyn-GFP was 47.6 ± 9% SD, n=6 mice; the recovery for α-syntrophin-GFP was 43.00 ± 10% SD, n= 6 mice). It is clear that the half-lives of rapsyn [(t1/2~1.3 days) and α-syntrophin (t1/2~1.25 days) are not significantly different from wildtype synapses (p=0.12).
However, and as expected the half-life of AChRs at synapses of α-dystrobrevin was significantly reduced ( t1/2 ~ 1-2 days) compared to 9-12 days in wild-type animals (p<0.0001) (Fig. 7 A-D) (Akaaboune et al., 2002) . These results indicate that the loss of α-dystrobrevin has no effect on the dynamics of intracellular postsynaptic proteins (at least the ones investigated here) but it has significantly altered the dynamics of AChRs.
DISCUSSION
In this study, we took advantage of the BiFC approach to examine the spatial distribution of key components of the dystrophin glycoprotein complex and their interaction with the scaffold protein rapsyn in their native environment. The major findings are: 1) α-dystrobrevin and α-syntrophin from complexes with rapsyn in the AChR-rich domain but are also present in the bottom of junctional folds (sodium channel-rich domain); 2) utrophin is a key component linking rapsyn to α-dystrobrevin and α-syntrophin; 3) rapsyn, α-dystrobrevin, and α-syntrophin are inserted into the postsynaptic density as individual proteins rather than as a pre-assembled complex; 4) α-syntrophin is highly dynamic with a turnover rate much more rapid than AChRs, but similar to scaffold protein rapsyn; 5) the loss of α-dystrobrevin has no effect on the turnover rate of rapsyn and α-syntrophin, but significantly increases the AChR Interestingly, synapses of mice deficient in utrophin are smaller, tend to be fragmented, the number of AChRs was slightly reduced, and the number of folds was reduced by ∼50% compared to utrophin wild type synapses (Deconinck et al., 1997b; Grady et al., 1997 ). The current work shows that utrophin is required for the BiFC complementation of rapsyn with α-dystrobrevin. This conclusion is suggested by the following findings: 
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MATERIAL AND METHODS
Generation of BiFC constructs
To generate our BiFC constructs, we used the following vectors from Addgene: pBiFC-VN173, pBiFC-VC155, pBiFC-CrN173 and pBiFC-CC155. The venus or cerulean cyan fragments (VN/CrN: amino acids 1-172 or VC/CC: amino acids 155-238) were fused to the C-terminal end of our protein of interest (rapsyn, α-syntrophyn or α-dystrobrevin). As templates for PCR, we used rapsyn-GFP, α-syntrophin-GFP and α-dystrobrevin-GFP. We first cloned our protein of interest coding sequences by PCR into pBiFC-VN173 or pBiFC-VC155 using the primers indicated in table 1, and then subcloned these sequences from pBiFC-VN173 to pBiFCCrN173 or from pBiFC-VC155 to pBiFC-CC155 for multicolor BiFC. pEDT-FLAG-Utrophin and pEDT-FLAGDystrophin plasmids were gifts from Dr. Froenher (University of Washington, Seattle). 
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Electroporation of constructs into the sternomastoid muscle and confocal microscopy.
Adult female Non Swiss Albino mice (3 months old) and age matched female mice deficient in α-dystrobrevin were anesthetized by injecting intraperitoneally a mixture of 80 mg/kg ketamine and 20 mg/kg xylazine, and the sternomastoid muscle was surgically exposed. The solution containing the plasmid (10 μg) expressing the construct of interest (see table above), was placed over the sternomastoid muscle, as described in our previous work (Bruneau and Akaaboune, 2010; Martinez-Pena et al., 2015) . Gold electrodes were set parallel to the muscle fibers on either side of the muscle, and then eight monopolar square-wave pulses were applied perpendicularly to the long axis of the muscle. The animal was sutured and allowed to recover in a warm chamber. All animal usage methods were approved by the University of Michigan Institutional Animal Care and Use Committee.
Immunofluorescence and confocal microscopy. To determine the half-life of α-syntrophin, and rapsyn, sternomastoid muscles were electroporated with the above GFP-constructs and NMJs expressing GFP were imaged and then discrete regions of individual synapses were bleached with an argon laser and re-imaged immediately. After 24 hours, the recovery of green fluorescence was quantified both at the bleached region and the unbleached region. GFP recovery after bleaching was normalized to the non-bleached sections of the same synapse.
To determine whether the loss of α-dystrobrevin has an effect on the half-lives of rapsyn and α-syntrophin, the sternomastoid muscle of mice deficient in α-dystrobrevin was electroporated with rapsyn-GFP or α-syntrophin-GFP and NMJs expressing GFP were bleached as described above. The half-life of fluorescently tagged GFP of each construct was compared to the half-life of AChR.
The half-life of AChR was determined as previously described in our published work (Akaaboune et al., 1999; Martinez-Pena et al., 2015) . Briefly, the sternomastoid muscle was bathed with a non-saturating (2 μg/ml, 2 min) dose of Btx-Alexa 594 and the fluorescence intensity of labeled receptors was assayed using a quantitative fluorescence imaging technique, as described in previous work (Akaaboune et al., 1999; Turney et al., 1996) .
Statistical analysis
Data are shown as means ± SD. Quantitative comparisons of numerical datasets were tested for statistical significance by using t-test or ANOVA test. show an example of a NMJ imaged from the sternomastoid muscle of mice deficient in α-syntrophin that was co-electroporated with rapsyn-CC and α-dystrobrevin-CrN, and 7 days after electroporation, muscles were fixed and stained with antibody against utrophin and BTX-Alexa 488. Note that there is no fluorescence complementation between rapsyn and α-dystrobrevin and no utrophin expression in the absence of α-syntrophin. Scale bar: 5 m. 8 mice were used in each experiment.
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